I. INTRODUCTION
Recently, with the application of eco-friendly refrigerants, development of heating and ventilation, air-conditioning and refrigerants (HVAC & R) devices with higher heat transfer efficiency has been in great demand. Additionally, the refrigeration systems for industries and buildings should not only be suitable for high cooling loads but also cover wide variations of cooling load. Refrigeration systems with flooded evaporators effectively operate while dealing with changes in loads as they contain a great deal of refrigerant; hence, such systems are widely available for current industrial and building refrigeration systems. Owing to ongoing inflation in the international oil marketplace, efficiently harnessing available The associate editor coordinating the review of this manuscript and approving it for publication was Ming Xu . energy is becoming one of the main challenges, even in the refrigeration industry. Some improvements in industry have been made through enhanced tube surfaces-structured (re-entrant cavities) and porous surfaces have largely superseded plain tube and low-fin (integral-finned) tubes. Novel refrigerants are also currently being developed and devised through continuously updated heat transfer studies. In addition, owing to environmental concerns regarding damage to the ozone layer and global warming, the refrigerant R22 is in the process of being replaced by mixtures containing R134a [1] . R134a has a relatively low global warming potential (GWP) compared to other HFC refrigerants and is by far the most prevalently used refrigerant [2] .
In this study, R134a was used as a refrigerant to test a plain tube, a low-fin tube, and an enhanced (Thermoexcel-E) tube and, simultaneously, to examine bubble dynamics in the process of nucleate boiling observed on the surface of the enhanced tube, to determine the heat transfer characteristics of the enhanced tube.
In turbo refrigeration systems, shell-and-tube-type heat exchangers are generally used as evaporators in which water flows inside the tube and the refrigerant evaporates on the outer surface of the tube. Enhanced tubes in which inner and or outer shapes are treated mechanically can increase the heat transfer area and hasten evaporation using micro cavities. Therefore, it is expected that the development of highly effective enhanced tubes can induce a higher coefficient of performance (COP) and reduce the cost of a system. Because of this background, much research has been conducted worldwide to devise enhanced tubes [3] . Refrigerant side (outside) coefficients may be available from several sources: actual flooded evaporators, tube bundle segments, and pool boiling tests. Single-tube pool nucleate boiling tests represent the conventional method. Gewa-SE and Turbo-B tubes were subjected to R11, R12, R22, R123, and R134a under nucleate pool boiling conditions [4] , [5] . Emery and Kandlikar [6] studied pool boiling heat transfer for four non-ozone-depleting refrigerants.
Kandlikar and Raykoff [7] examined a correlation scheme to correlate flow boiling data for augmented tubes and compact evaporators and in this work the Kandlikar correlation for convective boiling heat transfer is modified to correctly account for the Reynolds number exponent in the single-phase flow. Also the missing (k/D) ratio is introduced in the single-phase heat transfer correlation. Recently, Ji et al. [8] , [9] and Gorgy and Eckels [10] examined pool boiling heat transfer of R134a for various types of tubes with holes at higher heat flux values. Deng et al. [11] , Kim et al. [12] , and Ahn et al. [13] studied the improvement in nucleate pool boiling heat transfer performance by using micro-and nano-structured surfaces. Furberg and Palm [14] and Tong et al. [15] presented a visualization study to understand the boiling mechanism on microporous structure surfaces installed in a cartridge heater.
Many researchers have explained heat transfer enhancement techniques by identifying empirical correlations, both dimensional and non-dimensional, of the heat transfer coefficient (HTC) in terms of surface roughness factor, vapor density, and liquid density based on their experimental results. However, there has been a lack of research on mechanism analysis in depth with regard to the value of the HTC. For example, the function of bubble density, surface roughness factor, and the dynamics of bubble behavior have rarely been explained despite many studies in this field [16] . Although much of the heat transfer enhancement mechanism associated with such structured surfaces has been studied, results are insufficient for not only the Thermoexcel-E tubes using R134a but also bubble behavior during nucleate boiling.
The objectives of this study are to measure and compare nucleate boiling HTCs of R134a for three different test tubes with a focus on the Thermoexcel-E tube in order to investigate the bubble behavior affecting heat transfer characteristics within the tube.
II. BACKGROUND
The energy balance and heat transfer can be calculated as follows:
The water-side heat transfer is defined as follows:
where Q water , m w , C p , T w,i , and T w,o represent the heat transfer rate of the water side (W), the water mass flow rate (kg/h), the specific heat of water (J/kg· K), the water inlet temperature ( • C ), and the water outlet temperature ( • C ), respectively. The refrigerant-side heat transfer is defined as follows:
where Q ref is the heat transfer rate of the refrigerant side (W).
The energy balance, which should be kept to within 5%, is determined from the equation below:
With the help of Eqs. (1)-(3), the single-tube evaporating side HTC, h, can be calculated using the following equation:
The outside heat transfer area A is the nominal area based on the outside diameter. It is noted that, for the low-fin and Thermoexcel-E tubes, the nominal area is quite different from the actual area. However, it is generally accepted that the nominal area based on the outside diameter is used to calculate the HTC for the enhanced tubes because the actual heat transfer area cannot be measured accurately.
During the test, three thermocouples are located at three positions along the axes of the tubes. For this reason, the temperature of the tube surface is calculated using the arithmetic average from the registration data of the three thermocouples.
Since it is generally known that viscosity depends on temperature and pressure changes of a refrigerant, viscosity was considered when analyzing the dynamics of bubble behavior. Hubet and Ely [17] recommended that the viscosity of a refrigerant mixture be determined as
where x is an array of component mole fractions, η * (T , x) is the low-density viscosity of the mixture determined from kinetic theory, f x and h x are reducing ratios for the mixture, η 0 is the residual viscosity for the reference fluid evaluated at conformal conditions, and η * (ρ, x) is an Enskog hardsphere correction for effects of size and mass differences in a mixture. 
III. EXPERIMENTAL SETUP AND TEST METHOD
Most existing literature data amassed from single horizontal tubes are based on the heat-flux-controlled boiling mode using a cartridge heater. In the present study, circulated water flowing inside the evaporator was used as a heat source to simulate an actual heat exchanger system. This allowed the heat flux to decrease down-stream along the tube because the temperature of the water gradually decreased along the tube length; this aimed to simulate an actual heat exchanger system. Fig. 1 shows the experimental apparatus for the boiling test. The experimental setup was composed of a test section (evaporator), a water-glycol circuit (cooling effect), and a water circuit (heating effect). The refrigerant boiled in the evaporator and moved up to the condenser in a gaseous state. The gasified refrigerant condensed on cooling tubes containing cooling water at the plate heat exchanger. The cooling water flowed into the plate heat exchanger to maintain the system pressure of the refrigerant. As the operating temperature of the present system was below zero, the water contained 35% ethylene glycol (EG) to prevent freezing. The temperatures were measured by RTDs with a measurement error of ±0.1 • C in the present temperature range. The mass flow rate of the water was measured by a turbine mass flow meter (RT11 by TRIMEC) with an uncertainty of 0.1%. The system pressure was measured by a precision pressure gauge (D76181 by Siemens) and controlled by a PID pressure controller connected to the inverter pump to control the mass flow rate of the water. Fig. 2 shows the schematic of the test section. In the shelland-tube flooded evaporator, water flowed inside the tubes and R-134a refrigerant boiled on the outside surface of the tube. Three different tubes were installed horizontally within the evaporator shell. The heat flux decreased downstream along the tube because the temperature of the water decreased in that direction. Four sight glasses were equipped for visual observation of the boiling process and the level of the liquid refrigerant.
The test section surface temperature was measured using the thermocouples. The thermocouples were fixed onto the test section surface in a similar fashion to that in the case of steam. The heating water temperature difference was measured with the help of a thermopile composed of two thermocouples. The length of each test section tube was 500 mm. The saturation temperatures were 276, 278, and 280 ±0.5 K, and the chiller water flow rate varied from 100 to 5,000 kg/h. A pressure transducer connected to the test section in the vapor region was applied to measure the vapor pressure in the test section. The vapor and liquid temperatures of the refrigerant in the test section were monitored using sheathed thermocouples. For analysis, the saturation temperature was estimated from the readings of the pressure transducer according to the pressure-enthalpy diagram for HFC-134a.
The experimentally obtained local external HTC is mainly a function of the saturation temperature, water temperature, heat flux, and internal HTC. The influence of parameters, such as tube dimensions, has been found to be of minor importance and is not considered in this error analysis [18] . The uncertainties of measured parameters are summarized in Table 1 . The maximum errors of measurement parameters are as follows: temperature, 0.02 • C; saturated temperature, 0.1 • C; water flow rate, 0.01 m 3 /h; tube length, 0.5 mm; tube diameter, 0.02 mm. Uncertainty calculations showed maximum values of 15.3% for boiling HTCs. Fig. 3 shows the configuration of each test tube. Three types of tubes were employed for heat transfer measurements: a plain tube of outer diameter 19.0 mm, a low-fin tube with 1,023 fins per meter (fpm) [equivalent to 26 fins per inch (fpi)], and a Thermoexcel-E tube. A stainlesssteel tube with an external diameter of 8 mm was inserted inside the copper tube, and a copper wire with a rectangular cross section was helically wound around the inserted tube. This promoted mixing and a further increase in the water-side HTC. Table 2 lists the specifications of the three test tubes. Fig. 4 shows the comparison between the present data and other researchers' data for HFC134a for the plain tube. Jung et al. [19] measured the data for HFC134a at a pool temperature of 7 • C on a horizontal plain copper tube with similar parameters to those in this study; they reported that the HTCs of HFC134a at heat fluxes of 10-80 kWm −2 were roughly 2,218-9,505 kWm −2 K −1 . Webb and Paris [20] reported that the HTCs of HFC134a on a plain tube at 4.44 • C at heat fluxes of 20-80 kWm −2 were roughly 3,800-7,900 kWm −2 K −1 , which was slightly different from the current test results in the same heat flux range. However, this difference can be explained by the non-uniform wall temperature or nonuniform heat flux; chiller water was used instead of the cartridge heater as a heat resource for the test evaporator. The water temperature decreased from the inlet end of the tube to the outlet end, so the superheat temperature decreased along the water flow line. This caused the heat transfer to become weaker at the outlet end of the single tube; hence, this non-uniform superheat temperature or non-uniform heat flux caused the heat transfer values in this study to be slightly lower than reported in previous papers. In addition, the present data are quite compatible with other researchers' data and predictions; thus, this comparison indirectly confirms the reliability of the test apparatus. Table 3 shows the HTCs obtained from the plain, low-fin, and Thermoexcel-E tubes as a function of heat flux at the saturation temperature of 7 • C. 5 shows the nucleate boiling HTCs of refrigerants in three different types of the tubes at the saturation temperature of 7 • C. It indicates the rank of heat transfer performance for each of the three test tubes in the range of the test heat flux; the Thermoexcel-E tube had better heat transfer performance than the low-fin tube and the plain tube. Fig. 6 shows variations in the enhancement factor with the heat flux during nucleate pool boiling of R134a. The heat VOLUME 7, 2019 transfer enhancement ratio, h/h plain, is defined as the HTC of the enhanced tube divided by that of the plain tube at the same heat flux. The heat transfer enhancement ratios of the low-fin and Thermoexcel-E tubes at the saturation temperature of 7 • C were 1.25-1.47 and 2.69-4.13, respectively. Thermoexcel-E shows a higher heat transfer enhancement ratio of 2.69-4.13 for the refrigerant R134a. Fig. 7 shows the reason that Thermoexcel-E has a higher heat transfer rate: the pore and tunnel three-dimensional surface geometry of the Thermoexcel-E tube increase the contact heat transfer area and remove bubbles by omitting the bubble formation step. When it contacts the liquid refrigerant, the fin provides the tube with a larger contact heat transfer area than that of the plain tube; thus, its heat transfer performance showed a better trend than for the plain tube. Fig. 8 shows the boiling curves for the tubes with decreasing heat flux for different tube types at the saturation temperature of 7 • C. It clearly shows that the Thermoexcel-E tube attained the highest HTC with the lowest superheat temperature. This was probably because the three-dimensional surface geometries of the Thermoexcel-E tube can generate strong pool boiling so that the tube surface provides more heat to the liquid refrigerant, making the tube surface temperature closer to the liquid refrigerant temperature. . Boiling curves for the tested enhanced tubes when decreasing the heat flux on the Thermoexcel-E tube at different saturation temperatures. Fig. 9 shows detailed information about the correlation between the HTC and the superheat temperature of the Thermoexcel-E tube at different saturation temperatures. It was found that at a high saturation temperature, the heat transfer rate was high with a low superheat temperature and the superheat temperature range was narrow: from 1.7 • C to 3.3 • C. Higher saturation temperatures meant that lower vapor kinematic viscosity gave the Thermoexel-E tube better heat transfer performance at a high saturation temperature. Table 4 shows that, while saturation temperature increased, the vapor kinematic viscosity of R134a decreased. Fig. 10 shows a graphical correlation between wall superheating temperature and heat flux for three testing surfaces. The experimental results show typical boiling curves that have a steep slope depicting the surface heat flux versus surface superheat (i.e., temperature difference between the heated surface and the saturation temperature, Ts -Tsat). The wall superheat is experimented in the range of 1.7 -8.9 • C. The figure 10 indicates that the Thermoexcel-E tube has approximately 5 • C of reduction in wall superheat compared to the plain tube at heat flux 81 kW/m 2 . The Thermoexcel-E tube including structured and porous surfaces shows higher active cavity on the surface which contributes to improved wettability and nucleation sites. Fig. 11 shows the increase in HTC with the increase in saturation temperature. This trend arose because the vapor kinematic viscosity decreased with the increase in saturation temperature (pressure-enthalpy diagram for HFC-134a.) [16] . When the vapor kinematic viscosity decreased, the bubbles escaped more quickly from the tube. The plots also show that in the heat flux range of 60-90 kWm −2 , the HTC increased slightly with the increase in the heat flux but in the heat flux range of 30-50 kWm −2 , the HTC increased substantially with increasing heat flux.
IV. RESULTS AND DISCUSSIONS A. COMPARISON THE PRESENT DATA WITH PAST WORK DONE BY OTHER RESEARCHERS

B. NUCLEATE BOILING HTCS OF REFRIGERANTS IN THREE DIFFERENT TYPES OF THE TUBES
C. ANALYSIS OF THE DYNAMICS OF BUBBLE BEHAVIOR IN AN ENHANCED TUBE
It also shows that the HTCs of the plain tube and the low-fin tube increased linearly with increasing heat flux but the HTC of the Thermoexcel-E tube increased rapidly at a lower heat flux and the acceleration of the HTC decreased at a higher heat flux. From the test results, the heat transfer enhancement ratio showed the highest value at the lowest heat flux and decreased as the heat flux increased. This phenomenon implies that surface geometries of various tubes help activate the nucleation sites more at lower heat fluxes than at higher heat fluxes. Fig. 12 shows that at a lower heat flux, nucleation sites can easily be activated with the help of the Thermoexcel-E tube's surface geometries but that bubbles start interfering with heat transfer by merging into larger bubbles as heat flux increases. In other words, with increasing heat flux, the average temperature on the tube surface increases, leading to higher vapor kinematic viscosity, simultaneously causing bubbles to merge. The bubbles cannot depart from the tube surface and remain near it, creating a barrier between the refrigerant and the tube surface.
V. CONCLUSION
The results of a series of experiments on saturated pool boiling of R134a on enhanced heat transfer surfaces are reported. In the present study, experiments were performed on a plain tube, a low-fin tube, and an enhanced (Thermoexcel-E) tube at a saturation temperature of 7 • C with R134a as the working fluid. We focused on the Thermoexcel-E tube because of its advantageous heat transfer performance, expecting to determine the correlation of the HTC with the saturation temperatures of 3 • C, 5 • C, and 7 • C and heat fluxes from 30-80 kWm −2 . The conclusions of the study are as follows:
(1) The heat transfer enhancement ratios of the low-fin and Thermoexcel-E tubes at a saturation temperature of 7 • C were 1.25-1.47 and 2.69-4.13, respectively. The pore and tunnel three-dimensional surface geometry of the Thermoexcel-E tube increased the contact heat transfer area and removed bubbles by eliminating the bubble formation step.
(2) The HTC increased with increasing saturation temperature; this is because the vapor kinematic viscosity decreased with increasing saturation temperature.
(3) The HTC increased with increasing heat flux for all tube types. For the Thermoexcel-E tube, the HTC increased rapidly at a lower heat flux and the acceleration of the HTC decreased at a higher heat flux. With increasing heat flux, the average temperature on the tube surface increased, leading to higher vapor kinematic viscosity and simultaneously causing bubbles to combine. The bubbles interfere with the heat transfer process.
This study aimed to explain the dynamics of bubble behavior behind the high efficiency observed in pool boiling heat transfer of the enhanced tube with R134a and the causes of the limits observed from it. The findings from this study could help refrigeration industries to devise optimal products customized to environmental needs by providing a basic framework for design. Our future work on this subject will analyze correlations for enhanced tubes with refrigerants over a wide range of Re numbers (from laminar to turbulent flow) and bubble dynamics and HTCs of enhanced tube bundles using high speed images.
